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MOCVD of TIBaCaCuO: structure-property relations and progress toward device
applications

N. Hamaguchi, R. Gardiner, P. S. Kirlin
Advanced Technology Materials, Inc., 520-B Danbury Rd., New Milford, CT 06776

ABSTRACT

Highly c-axis oriented TlgBagCaCugOy thin films were grown on MgO(100) by
MOCVD and post annealing processes. Resistive transitions (R < 0.1 pQ-cm) of
105 K, critical current densities as high as 105 Amps/cm2 (4 K) and surface
resistivities 1/2 to 1/5 that of a gold standard at 17 GHz (77 K) were obtained with
unpatterned films. Thin (0.1 pm) TIBaCaCuO films functioned as bolometric
detectors over a spectral range of 1.5 to 20 m; no quantum or nonequilibrium
effects were observed between 4 and 125 K. Fine features were delineated in the
BaCaCuO thin films by wet chemical etching. After Tl incorporation, resistive
transitions exceeding 103 K were observed in the patterned films.

1. INTRODUCTION

The quality of high temperature superconducting thin films has improved to the
point where the fabrication of a limited range of devices with respectable
performance is possible. In particular, dc SQUIDs with noise levels comparable
to commercial low T, rf SQUIDs! and passive microwave components with losses
10 times lower than that of equivalent Cu devices at 77 K and 3.29 GHz2 have been
fabricated from TIBaCaCuO thin films. Different applications, eg. IR detectors
versus microwave filters, may require different properties. Current efforts are
focused on establishing structure-property-device performance relationships and
on optimizing the HTSC thin film deposition and processing protocols for a given
application. In general the basic chemical, mechanical and physical properties
of the films are different for each individual deposition method and/or application
and tailored patterning/etching, metallization, passivation, packagiq'%, and post-
annealing (if required) protocols must be developed to optimize a specific type of
devices' reproducibility and performance. Reported below are recent results from
our laboratories on the preparation of TIBaCaCuO thin films on MgO(100) by
MOCVD and post annealing and the fabrication of passive microwave
components and infrared detectors by variants of standard semiconductor
processing methods. ’

2. PREPARATION AND CHARACTERIZATION
2.1 MOCVD of BaCaCuQF
BaCaCuOF thin films were deposited on MgO(100) single crystal substrates by

MOCVD. The source reagents used for the deposition of the precursor films were
barium and calcium 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyloctanec-4,6-dionate
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{Ba(fod)2 and Ca(fod)s) and copper hexafluoroacetylacetonate. The MOCVD
experiments were carried out in an inverted vertical reactor designed to achieve
stagnation point flow and growth rates approaching 0.4 um/hr were achieved at a
susceptor temperature of 500°C and a reactor pressure of 4 torr. Typical run
conditions are listed in Table 1; a more detailed description of the reactor system3
and growth tube4 are reported alsewhere.

TABLE 1, Deposition conditions for BaCaCuQF films,

Source reagent transport rate

029 flow rate Ar flow rate (10-6mole/m)
(sccm) (sccm) Ba(fod)2 Ca(fod)2 Cu(hfacac)2
170 190 ~210 12~18 6~15 0.35 ~0.56

2.2 Annealing

The as-deposited films were amorphous mixtures of oxides and fluorides as
determined by x-ray diffraction (XRD) and energy dispersive x-ray (EDX)
analysis.5 This result agrees well with that observed for the MOCVD of
BiSrCaCuOF using similar source reagents and deposition conditions.4 The
fluorine was removed in flowing wet oxygen at 785°C and the morphology of the
films changed from highly porous to uniform densely packed grains. Tl was then
incorporated into the BaCaCuO films at 870°C. The precursor films were placed
face down between two stoichiometric TlgBagCagCugOy pellets and loaded into a
capped alumina boat. The alumina boat was placed inside a standard tube
furnace and heated to 870°C at 100°C/min. The pellets were the source of TlxOy
vapor and they were prepared by mixing T1203 and BaCaCuO powder in a
T1:Ba:Ca:Cu molar ratio of 2:2:2:3 followed by static pressing at 1 x 108 Pa.
Ideally, this strategy provided a TlyOy partial pressure above the BaCaCuO
precursor film equivalent to that over stoichiometric BagCagCu3Ox powder.
Whether or not this situation was achieved is unclear; however, adhering to this
combination of pellet stoichiometry and oven configuration was crucial to

reproducibly obtaining complete thallium uptake during the second annealing
step. ’

The structural properties of the films were evaluated with XRD and SEM. Typical
surface morphologies of the films annealed at 870°C consisted of platelet-like
grains 5 to 10 pm in diameter and XRD indicated that the films were c-axis
oriented and that TlsBagCaCugOg was the only crystalline phase present.5:6
Standard four point probe (Figure 1), rf eddy current (Figure 2), and dc
susceptibility (Figure 3) measurements indicate that a percolative path becomes
fully superconducting at 105 K and that intra- and/or inter-grannular coupling
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occurs all the way down to 4 K. The transition in the rf eddy current
measurement is complete by ca. 70 K which supports the latter interpretation and
the strong suppression of the critical current density by a 800 Oe magnetic field
applied parallel to the surface of the film but perpendicular to the direction of the
current flow strongly suggests that the films are weakly linked.5 The transport
critical current density (J.) of the films was measured to be 105 Amps/cm? at 4.2 K
using the 1 pV/cm criterion. The surface resistance (Rs) of the TIBaCaCuO films
was measured in a parallel plate cavity resonator and the Rg of the best
unpatterned films was approximately 1/2 to 1/5 that of Au standard at 77 K and
17.3 GHz.5

Figure 1. Resistive transition of TloBasCaCu20x/MgO(100)
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Figure 2. Inductive transition of TlsBagCaCugOx/MgO(100)
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Figure 3. Meissner effect data measured by cooling in a 5§ Oe magnetic field
applied normal to the surface of the TlgBagCaCugOx film
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2.3 Infrared R n

The infrared response of the TIBaCaCuO thin films over a spectral band of 1.5 to
20 pm was measured with a calibrated glowbar source (1250£10 K) in a liquid
helium cooled cryostat. The incident radiation was chopped at 15 Hz by a
mechanical chopper and the power at the sample was approximately 25 pyW. A
schematic of the measurement system is shown in Figure 4; a more detailed
description of the measurement apparatus can be found elsewhere.?

Figure 4. Rapid change cryostat for evaluating IR response
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The infrared response measurements were made on TIBaCaCuO films whose
thickness (<0.1 pm) was comparable to the optical penetration depth to ensure
that the infrared radiation sampled the entire film volume. Consequently,
complications arising from shunting effects, which have been encountered with
bulk and standard thin film samples, should have been minimal. In addition to
the TIBaCaCuO films, low quality YBaCuO films were characterized with the
hope of observing a nonequilibrium response. The optical detection in the
T1BaCaCuO and YBaCuO thin films was investigated between 4.2 and 130 K and
all the samples functioned as standard bolometric detectors at the
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superconducting to normal transition. Only a single YBaCuO sample which
never became fully superconducting (Figure 5) exhibited a response at 4.2K which
deviated from dR/dT. The thermal detection coefficients of the
TIBaCaCuO/MgO(100) samples were calculated from the resistive transition
curves and the shape of the measured response curves typically agreed well with

that expected on theoretical grounds (Figure 6). No evidence for quantum or
nonequilibrium effects was observed for the TIBaCaCuO films in this temperature

range.
Figure 5. Resistive transition of YBaCuOQ/MgO(100)
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3. DEVICE FABRICATION

Electronic applications require the delineation of fine features in the HTSC thin
films. Aqueous-based wet chemical processing technology which is widely used
in the semiconductor industry, particularly in the manufacture of microwave
components, potentially could provide an economically viable means of fabricating
large numbers of HTSC devices. However, aqueous based processing has been
shown to be detrimental to the properties of HT'SC thin films.8,9 This limitation
can be overcome by patterning and etching the BaCaCuO thin films before Tl
incorporation. This approach has the added advantage of not generating aqueous
Tl containing waste and if appropriately optimized the high temperature Tl
incorporation step can present surfaces whose stoichiometries approach that of
the bulk.

The BaCaCuO films were patterned with positive photoresist and etched with a“ .
dilute HCI/DI water solution (1/200); typical etch rates were 1.2 pm/min. The
resist mask was removed using acetone followed by oxygen plasma ashing. The
protected areas of the BaCaCuO films remained largely intact during the
patterning and only a minimal amount of deterioration occurred along the edges
of the patterned features (Figure 7a). The quality of the edges consistently
improved during the Tl incorporation step which was carried out at a maximum
temperature of 850°C (Figure 7b) and the average film density was typically
superior to that observed for unpatterned films. The improvement in edge
abruptness may have resulted from the reaction and dissolution of the small
particles into the substrate. Alternatively, differences in the surface free energies
of the superconductor and the MgO favoring the preferential wetting of the
superconductor by itself may have lead to the migration of the outstanding
appendages back to the main body of material during the high temperature
annealing step. A topographical view (Figure 7c) demonstrates that the edge
roughness 1s small relative to typical device dimensions.

t‘{O\MQ(‘LrL‘.
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Figure 7. Fabrication of TloBazCaCu20;x quarter wave resonator on MgO(100):
exploded view of patterned edge in (a) BaCaCuO/MgO(100) and
(b) TIBaCaCu(Q/ MgO(100); (c) topographical view of mpnator
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Thick , 5 to 6 um, Al or Au ground planes for high frequency devices were
deposited by sputtering or e-beam evaporation. Contact metallization with specific
contact resistance less than 104 Q/cm? was achieved by using a Ar ion etch prior
to Ag sputter deposition followed by a rapid thermal anneal ( 1 min at 500°C in
flowing Og). Surface preparation is the key to obtaining low specific contact
resistance on Tl-containing films because noble metals such as Ag and Au form
low melting eutectics with T1 at temperatures exceeding 300°C. Consequently,
standard high temperature anneals, which are effective in reducing the contact
resistance on YBaCuO, !0 degrade the properties of the TIBaCaCuO/noble metal
interface leading to an increase in the contact resistance. The superconducting -
transitions of the processed films have been measured and onsets as high as 125 K
with complete transitions to superconductivity by 103 K have been observed which
1s essentially the same as that obtained for unpatterned films (Figure 8). A slight
degradation in J. from 105 to 104 Amps/cm? has been observed in 130 pm wide
lines which is consistent with the increase in the normal state resistivity of the
processed films. Efforts to improve the J. values and to.measure the microwave
surface resistance of the patterned films are in progress.

}{f)v‘/'\()'\‘ ok
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Figure 8. Resistive transition of TlsBagCaCugQOx microbridge
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4. CONCLUSIONS

C-axis oriented TlgBagCaCugOy thin films were grown on MgO(100) by MOCVD
and post annealing processes. Resistive transitions (R < 0.1 uQ-cm) of 105 K and
surface resistivities 1/2 to 1/5 that of a.gold standard at 17 GHz (77 K) were
obtained with unpatterned films. Thin (0.1 pm) TIBaCaCuO films functioned as
bolometric detectors over a spectral range of 1.5 to 20 pm; no quantum or
nonequilibrium effects were observed between 4 and 125 K. Fine features were
delineated in the BaCaCu0 thin films by wet chemical etching. After Tl
incorporation, resistive transitions exceeding 103 K were observed in the
patterned films; however, a degradation in J. from 105 to 104 Amps/cm? occurred
at 4 K. Current work is focused on improving the J. and microwave surface
resistance of the patterned films.
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MOCVD of TIBaCaCuO Superconducting Thin Films.

Norihito Hamaguchi, Steven A. Jones, Robin A. Gardiner, and
Peter S. Kirlin, Advanced Technology Materials, Inc., 520-B
Danbury Road, New Milford, CT 06776.

TIBaCaCuO films are promising for high frequency
applications. We have prepared c-axis oriented TIBaCaCuO
(2212 and 2223 phases) superconducting thin films by a three
step process. The physical properties of the films were
correlated to the high frequency properties.

BaCaCuOF precursor films were deposited on MgO (100)
substrates by MOCVD using fluorinated 8-diketonates of Ba,
Ca, and Cu. The post-annealing process consisted of two steps:
fluorine removal and thallium incorporation. The films were
first annealed in wet oxygen between 550°C and 800°C. Films
annealed below 650°C retained fluorine. This residual fluorine
prevented the formation of high T, phase, although the second
annealing step resulted in complete fluorine removal.
Thallium was then diffused into the BaCaCuO films at
temperatures between 850°C and 900°C in the presence of
Tl203/BagCagCugOx pellets.

The effect of processing conditions on the microstructure and
phase purity was invesigated by SEM-EDX and X-ray
diffractometry. The protocol for the second annealing step and
relative configuration of the film and pellets were found to play
a crucial role in the high T phase formation. Development of
high T phase was observed as the annealing time was
increased. The best films had surface resistivities an order of
magnitude lower than gold at 17 GHz at 77K.
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